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Abstract. The binding affinities of a series of antithrombin ligands have been
calculated by using the MM/GBSA method. The calculated and experimental
binding free energies have shown good correlation with a R? value of 0.69. De-
composition of the calculated binding free energy has revealed the electrostatic
interactions in both solute and solvent play important role in determining the
binding free energy. The increasing negative charge of compound provides
more favorable electrostatic energy change but creates higher penalty for the
solvation free energy. Such penalty is compensated by the electrostatic energy
change, which results in better binding affinity. The best binder has the highest
ligand efficiency.
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1 Introduction

Antithrombin is a glycoprotein that plays crucial role in the regulation of blood co-
agulation by inactivating several enzymes of the coagulation system. It is an im-
portant drug target for the anticoagulant treatment. Antithrombin has two major
isoforms, o and P, in the blood circulation®. a-antithrombin is the dominant form of
antithrombin. It consists of 432 amino acids with 4 glycosylation sites, where an oli-
gosaccharide occupying each glycosylation sites?. Heparin is the first compound that
is identified and used as anticoagulant and antithrombotic agents. It is a sulfated poly-
saccharide containing a specific pentasaccharide fragment (Figure 1, NTP) that binds
and activates the antithrombin®. This binding localized the function of antithrombin to
inhibition of the serine proteases of the coagulation cascade in the bloodstream, which
allows coagulant activity in damaged tissue outside the vascular system?.
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that can predict the heparin binding site cor-
rectly’. Navarro-Fernandez and colleagues
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screened a large database in silico and identi-

fied a new, non-polysaccharide scaffold able Fig. 1. Compounds for antithrombin
to interact with the heparin binding domain of target. Compound NTP is synthetic pen-
antithrombin’. They predicted D-myo-inositol tasaccharide compounds from crystal
3,4,5,6-tetrakisphosphate (Figurel, L1C4) to Structure (PDB ID: 1AZX).

strongly interact with antithrombin, which was confirmed by experimental binding
affinity study.

In this study, we have gathered a panel of antithrombin ligands (Figure 1), including
heparin and non-polysaccharide scaffold compounds. Molecular Mechan-
ics/Generalized Born Surface Area (MM/GBSA) method is employed in the binding
affinity calculation of antithrombin ligands. MM/GBSA method is selected because it
is the fastest force-field based method that computes the free energy of binding, as
compared to the other free energy computation methods, such as free energy perturba-
tion (FEP) and thermodynamic integration (TI) methods®. MM/GBSA method has
been widely exploited in free energy calculations®°. In most scenarios, the entropy
term is neglected in the calculation for relative free binding energies. Quite a few
researchers dispute the benefits of including entropy term, which can be a major
source of error due to the drawback of the entropy calculation method™*?, despite
others advocate its usage™. In this study, we neglect the entropy calculations.

2 Method

The MM/GBSA calculations are applied to the antithrombin (PDB ID: 1AZX) and its
7 ligands (Figure 1). The Amber forcefield f99SB is employed in the calculation for
the antithrombin receptor. Ligands use the Amber GAFF forcefield™® as determined



by the antechamber program®® in the Amber package. Partial charges of ligands are
calculated using the AM1-BCC method.!” The receptor-ligand complexes are energet-
ically minimized by the MM/GBSA method implemented in the Sander program of
the Amber package®®. The atomic radii developed by Onufriev and coworkers (Amber
input parameter igh=5) are chosen for all GB calculations™. The systems are heated
from 0 K to room temperature, 300 K. The MD simulations with a time step of 2 fs
for the integration of the equations of motion were carried out at room temperature.
The systems are equilibrated at room temperature for 500 ps. Each MD trajectory is
followed to 100 ns after equilibrium. Binding affinities of antithrombin and its 7 lig-
ands are calculated by post-processing the ensembles of structures extracted from MD
trajectories using MM/GBSA calculations. In the MM/GBSA calculation, the binding
free energy between a receptor and a ligand is calculated as following equations:

AGbind =Gc0mplex _Greceptor _Gligand
AG; =AH-TAS=AE,  +AG,-TAS

gas sol

AEgas = AE; +AEg p TAE

mt

AGgy = AGgp t AGyg,¢

The binding free energy (AG,,,,) is decomposed into different energy terms. Because

the structures of complex, receptor, and ligand are extracted from the same trajectory,
the internal energy change (AE, ) is canceled. Thus, the gas-phase interaction energy

(AE,,) between the receptor and the ligand is the sum of electrostatic (AEy, ) and
van der Waals (AE,p,,) interaction energies. The solvation free energy (AGsm) is

gas

divided into the polar and non-polar energy terms. The polar solvation energy (AGGB)
is calculated by using GB model. The non-polar contribution is calculated based on

the solvent-accessible surface area (AGSurf). A value of 80 is used for the solvent die-
lectric constant and the solute dielectric constant is set to 1. The calculated binding
free energy (AG,,,,) is the sum of the gas-phase interaction energy and solvation free

energy because we neglect the entropy term. The experimental binding free energy is
estimated from the experimental dissociation constant (Kd) by the equation:

AG,, =RT-In(Kd)

where R is the gas constant and T is the temperature.

3 Results and Discussion

The calculated binding free energies of 7 antithrombin ligands are shown in the Table
1 together with their corresponding experimental values. Each calculated binding free
energy is averaged from snapshots extracted from 100 ns MD trajectory. Except for
Compound L1C1, all the antithrombin ligands have experimental binding free ener-
gies. Determined by the experiments, Compound L1C4 is the best binder with a Kd
value of 0.088 uM. As predicted by the MM/GBSA method, Compound L1C4 has the



most negative binding free energy (-308.01 kcal/mol), which is in agreement with the
experimental results. The second best binder, Compound NTP, is ranked in second
place in the MM/GBSA calculation with a calculated binding free energy of -279.57
kcal/mol. This prediction also agrees with the experimental data. Compound L1C2 is
predicted to have the worst binding free energy in 6 ligands, which is in agreement
with its experimental value. In summary, the MM/GBSA calculations rank the bind-
ing affinities of 6 antithrombin ligands in same order as that of experimental binding
free energies. The calculated binding free energies of 6 antithrombin ligands have
been plotted against the experimental ones. The correlation coefficient (R2) is 0.69,
which indicates good correlation between the calculated and experimental values.

Table 1. Calculated and experimental binding free energies (kcal/mol) of antithrombin ligands.

Cmpd AEgLe AEvpw AE AGgut AGgg AGggELE AGsq AGying Kd(uM) AGgy,
Lic1 -552.67 -23.68 -576.35 -2.75 480.12 -72.55 477.37 -98.97

Lic2 -442.99 0.47 -442.52 -1.20 417.60 -25.39 416.41 -26.11 13700 -2.54
LIC3 -836.77 -39.96 -876.73 -4.06 781.94 -54.83 777.88 -98.85 10.02 -6.81
Li1C4 -1599.09 33.02 -1566.07 -2.98 1261.05 -338.04 1258.07 -308.01 0.088 -9.62
LI1Cs -613.30 -19.00 -632.31 -2.57 525.82 -87.48 523.25 -109.06 0.69 -8.40
L1C6 -818.73 8.21 -810.52 -1.54 752.94 -65.79 751.41 -59.11 17.52 -6.48
NTP -2598.87 -60.89 -2659.76 -7.58 2387.77 -211.09 2380.20 -279.57 0.104 -9.52

As shown in the figure 1, all antithrombin ligands contain negatively charged groups,
which suggests electrostatic interaction should be a key factor for the binding affinity.
Compound NTP has a total charge of -11 and Compound L1C4 has a total charge of -
8. By decomposition of the binding free energy, Compound NTP and L1C4 have
largest electrostatic energy changes upon binding in both gas phase (AEg.g) and GB
solvent (AGgg.gre). Energy change in gas phase is actually the energy change for the
solute. Thus, in other words, Compound NTP and L1C4 have largest electrostatic
energy changes upon binding in solute and solvent. In contrast, Compound L1C2 has
the smallest electrostatic energy changes in solute and solvent. Although Compound
L1C4 has the least favor of van der Waals energy change upon binding, it has been
compensated by the significant electrostatic energy changes. For all ligands, the van
der Waals energy changes (AEypw) upon binding are less than the electrostatic energy
changes (AEg.g) by 1-2 orders magnitudes. The contribution of the van der Waals
energy change has been overpowered by the electrostatic energy change. The sizes of
Compound NTP and L1C3 are larger than that of the rest compounds. Thus, non-polar
contribution of solvation free energy of the Compound NTP and L1C3 are more nega-
tive than that of the rest compounds. Nevertheless, non-polar contributions for com-
pounds are all small. Non-polar contribution is overwhelmed by the polar contribution
of solvation free energy. The two major factors to determine the binding affinity are
electrostatic energy change and solvation free energy change. The higher the total
charge of compound, the higher penalty it has to pay for solvation free energy. How-
ever, high penalty for high total charge of compound has been paid off by favorable
electrostatic energy changes. Although the electrostatic energy change of Compound
L1C4 is less than that of Compound NTP, Compound L1C4 needs less compensation



for the solvation free energy. Thus, Com-
pound L1C4 is better binder than Com-
pound NTP.

Hydrogen bonding analysis has been
carried out for MD trajectories using ptraj
program in the Amber package. For
Compound NTP and L1C4, the numbers
of hydrogen bonds to antithrombin with
the time occupy larger than 20% are 40
and 25, respectively. For Compound
L1C1, L1C2, L1C3, L1C5, and L1CS,
that numbers are 5, 10, 12, 12, and 12
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Fig. 2. The scatter plot of calculated
MM/GBSA binding free energy versus exper-
imental binding affinity estimated from disso-

respectively. Taking the molecular weight ciation constant
into account and using a similar approach
as Reynolds’ ligand efficiency method®,

efficiency.

Compound L1C4 has the highest ligand

Fig. 3. Initial structures of Compound L1C4 (A) and NTP (B) complex with antithrombin.

Compound L1C4 forms double hydrogen bonds with Arg47 (Figure 3A). One hydro-
gen bond (0O6-HH21-NH2) has 94.81% time occupancy and the other one (O6-HE-
NE) has 89.55%. The average hydrogen bond distances between the heavy atoms are
2.74 A and 2.70 A, respectively. In a nutshell, Compound L1C4 has strong hydrogen
bonds with Arg47 and one of the four phosphate groups from Compound L1C4 is
locked to the Arg47. According to the hydrogen bonding analysis, Compound L1C4
is also hydrogen bond to Arg46, Argl3, Lys114, Lys11, Lys125, and Asn45, which
are key residues to the binding process. We found that the binding of Compound
L1C4 to antithrombin is non-specific. Except for the one locked to Arg47, the rest
three phosphate groups of Compound L1C4 can rotate so that key residues can form
hydrogen bond to different oxygen atoms of phosphate at different time period of MD
trajectory. It is worth noting that Arg13 is far away from the Compound L1C4 at the
starting conformation. After 8 ns of MD simulation, Argl3 begins to make hydrogen
bonds with phosphate group of Compound L1C4, which suggests that long-time MD
simulation is essential to obtained accurate binding affinity. As shown in Figure 3B,



Compound NTP makes hydrogen bond to antithrombin mainly via its negatively
charged sulfate groups. Compound NTP forms hydrogen bonds with Arg13, Arg129,
Arg47, and Asn4d5 with high time occupancy (70~88%). It forms hydrogen bonds
with Argl132, Lys125, Thr44 with median time occupancy (43~66%). It also forms
relatively weak hydrogen bonds with Arg46, LYS114 and LYS11.

Judge from the hydrogen bond analysis on Compound L1C4 and NTP, Arg47, Argl3,
and Asn45 play crucial role in the antithrombin binding process. Antithrombin pro-
vides multiple sulfate/phosphate binding sites consisted of mostly positively charged
residues (arginine, lysine) and neutral charged residues that can provide rich hydrogen
bond donors/acceptors (asparagine). All four phosphate groups of Compound L1C4
form hydrogen bonds with antithrombin while not all sulfate groups of Compound
NTP can form hydrogen bonds with antithrombin. As pointed out above, introducing
positively charged group in the ligand will result in the penalty in solvation free ener-
gy. If adding a positively charged group cannot form favorable interactions (e.g. hy-
drogen bonding), ligand efficiency will be reduced. This can explain that Compound
L1C4 has higher ligand efficiency than Compound NTP.

4 Conclusion

In this study, we calculated the binding affinities of 7 antithrombin ligands by em-
ploying the MM/GBSA method. The plot of calculated binding free energies versus
experimental ones has shown good correlation. The electrostatic interactions in both
solute and solvent contribute favorably to the binding free energy. Adding more nega-
tively charged groups to ligand provides more favorable electrostatic energy change.
However, it creates higher penalty for the solvation free energy simultaneously. The
penalty can be compensated by forming more hydrogen bonds as more negatively
charged groups are added into ligand. Compound L1C4 has higher ligand efficiency
because it uses all its phosphate groups to form hydrogen bonds with antithrombin
while Compound NTP does not.
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